serves as a reporter for changes in the fusing membranes. In more than half of all fusion events, the authors observed a simultaneous influx of fluorescent dye into the secretorygranule lumen and rise in membrane fluorescence on the docked secretory granule. This type of fluorescence change would be expected if secretory granules fuse completely with the cell membrane.
The authors also frequently observed events in which a rise in fluorescence of the cell-membrane marker on the secretory granules preceded dye influx by several seconds, or in which no dye influx into the secretory granule was detected during 40 seconds of observation. It was surprising that so many such events were detectable and that they are stable over many seconds. From these and further control experiments, the authors concluded that these events must correspond to hemi-fusion, thought to be a meta stable state in which the outer leaflet of the secretory granule and the cytoplasm-facing leaflet of the cell membrane have merged, while the inner leaflet of the secretory granule and the extracellular-facing leaflet of the cell membrane remain separate 4 . What might be the advantages of this type of fusion mechanism? Unlike neuronal synaptic vesicles, which release neurotransmitter molecules in an all-or-nothing, 'quantal' fashion, secretory granules can partially secrete their hormone content. Such partial release has been postulated to be mediated by kiss-and-run exocytosis, which is a model for how secretory granules open and close a fusion pore through which molecules pass between the granule and the cell membrane 2 . Whether the fusion pore is made of lipid or protein, or both, is not known. A stable hemi-fused intermediate might indicate the existence of a reversible fusion process that would enable partial release during secretory-granule exocytosis, and might underlie fusion-pore opening and closing 2 . An identical structure to a hemi-fused intermediate could also arise if a fully fused granule underwent fusion-pore closure through fission (the splitting of a membrane into two separate entities). In this context, it would be called a hemi-fission intermediate. To probe whether fusion-pore opening and closing are reversible processes that proceed through a common intermediate, Zhao et al. tracked the movement of the fluorescent dye and membrane markers over time. They frequently observed fluorescence dynamics consistent with closure of the fusion pore through a hemi-fission state.
The authors then investigated the role of dynamin, a protein involved in endocytosisa cell-membrane-dependent process in which materials are transported into cells. Dynamin can bind 7 to narrow lipid 'necks' at places where membrane pinching occurs, and Zhao et al. found that its depletion or inhibition tipped the balance towards full fusion of both layers of the granule and cell membranes at the expense of hemi-fusion events. Conversely, the hemifused state seemed to be stabilized by a high influx of calcium into the cytoplasm. Overall, the authors' data indicate that secretory-granule fusion and fission are reversible processes, at least in chromaffin cells, with the transition from hemi-fusion to full fusion being counteracted by dynamin and regulated by cytoplasmic calcium (Fig. 1) . Consistent with this model, Zhao et al. occasionally observed reversible opening, closing and reopening of fusion pores in the same docked secretory granules.
Although hemi-fusion has previously been observed and characterized in reconstituted systems in vitro [8] [9] [10] , Zhao and colleagues' work is the first demonstration of this process in living cells. , and that it is also probably responsible for the delayed fusion pathway in reconstituted vesicles in vitro 8 . However, the authors' model of exocytic membrane fusion is difficult to reconcile with the idea that the fusion pore is lined with transmembrane proteins -as has been postulated from mutational analysis of the transmembrane segments of key exocytic proteins 5, 12 -because transmembrane proteins span both layers of the membrane and therefore would be excluded from the centre of the hemi-fused intermediate.
Whether a mechanism that involves hemifused intermediates operates in neurons to release neurotransmitters also remains an open question. However, the direct visualization of membrane fusion during neurotransmission presents special challenges, such as the speed of exocytosis, the small size of synaptic vesicles and the complex architecture of neurons in the brain. Finally, the observation that dynamin regulates the partitioning between hemi-and full fusion or fission events lends further support to the idea that membrane fission during endocytosis and other vesicle-budding events proceeds through hemi-fission intermediates 13 . 
PARTICLE PHYSICS

Quantum simulation of fundamental physics
Gauge theories underpin the standard model of particle physics, but are difficult to study using conventional computational methods. An experimental quantum system opens up fresh avenues of investigation. See Letter p.516
here are many questions still to be answered about the standard model of particle physics, which describes the fundamental forces and interactions of nature. On page 516, Martinez et al. 1 report a pioneering experiment in which calcium ions that are trapped and controlled by electromagnetic fields form a quantum simulator of elementary particle physics. This is a first experimental step towards the use of quantum simulators to answer some of those outstanding questions.
Theoretical physics often involves problems that do not have a simple mathematical solution. This quandary is usually overcome using numerical calculations performed by conventional (classical) computers. Some problems, however, cannot be solved by these techniques, and require other methods, especially when direct experimental study is also impossible or difficult.
Physicist Richard Feynman suggested that, to simulate the quantum behaviour of physical systems, other quantum systems must be used -quantum computers 2 . This concept, called quantum simulation 3 , is beautifully simple. Consider a quantum system, A, that cannot be studied by conventional theoretical and experimental methods, and another quantum system, B, that can be built and controlled with high precision in the laboratory. If the physical components of B, and the interactions between them, mimic and behave like those of A, then B is a quantum simulator of A. Once B is built, tuned and operated, experimental study of it effectively serves as a study of A.
Quantum simulators can be either analog, in which system B simply 'behaves' like system A because its dynamics and interactions exactly or approximately map those of A, or digital, in which a sequence of operations acts on the components of B and possibly on some auxiliary elements, generating dynamics that are equivalent to those of A with controlled precision. The simulating systems are often atomic or optical, and have included systems of cold atoms or ions trapped by electromagnetic fields. These have been designed (and some have been built) to simulate many areas of physics, ranging from condensed-matter physics to gravitational effects 3 .
The interactions between elementary particles are a great candidate for quantum simulation. In the standard model of particle physics, such interactions are mediated by vector fields known as gauge fields, thanks to a special type of symmetry called local gauge invariance. Electrons, for example, interact according to the quantum theory of electrodynamics (QED, the simplest gauge theory) through the electro magnetic gauge field. Other fundamental constituents of matter are quarks, whose interactions through the strong force are described by another gauge theory, quantum chromodynamics (QCD).
QCD has several open questions. One is the phenomenon of confinement, in which quarks are bound together by the strong force to form composite particles called hadrons (which include protons and neutrons). The strong force prevents quarks from being isolated experimentally. The theoretical study of confinement is also difficult, and has been a subject of research for decades. A highly successful avenue for studying gauge theories is called lattice gauge theory 4 , but using it for conventional computer simulations is still problematic for the study of several questions.
The quantum simulation of lattice gauge theories has been a rapidly growing area of study over the past few years, and several proposals have been made for how such simulators could be realized 5, 6 . These simulators quantitatively map the simulated system -which is typically highly energetic -onto low-energy atomic and optical experimental systems. Martinez et al. report the first experimental realization of just such a quantum simulator.
The authors simulated lattice QED in a one-dimensional space (a lattice Schwinger model) using a digital quantum simulatora tailored quantum computer that consists of four trapped calcium ions controlled and manipulated by lasers (Fig. 1) . Two energy levels of each ion form a quantum bit (a qubit), which represents the presence or absence of a particle of matter in the corresponding simulated theory. The gauge field is represented as interactions between the ions that are direct and exotic, yet experimentally implementable. This is achieved using a theoretical transformation available in one dimension that eliminates direct manifestations of the field in the simulated model and allows it to be expressed in terms of matter.
The quantum simulation of complicated gauge theories requires a non-trivial combination of advanced technologies in atomic and optical physics. Martinez and colleagues therefore investigated a small version of a 1D lattice QED model, a relatively simple system that enabled their results to be compared with predictions, but that still demonstrates important features of more-complicated models. The authors' quantum simulator did indeed reproduce the expected physical behaviour of the simulated model with great accuracy.
In future work, larger systems should be simulated that have a greater number of dimensions (to reveal further non-trivial types of interaction) and involve more-complicated simulated models such as QCD. Quantum simu lators for many of these models have already been proposed -both analog 5, 6 and digital 7 -for various gauge theories in different dimensions, mostly using cold atoms, but also trapped ions and superconducting qubits.
The experimental requirements and feasibility of these proposals vary, because the simulators use different approaches and involve various simulated models, but they mostly require combinations of existing experimental techniques. Technological developments will help to make such experiments more achievable, even for the simulation of complicated models. As the first quantum simulator of a lattice gauge theory to be built, Martinez and co-workers' system serves as a beacon that will lead gauge-theory physicists to the promised land of experimental realization.
The authors' work proves that it is indeed realistic to use quantum-optics techniques to study particle physics and fundamental forces. Further theoretical and experimental advances might enable quantum simulators to solve challenges such as study of the exotic phases of QCD, and to observe new phenomena. More generally, this realization of the great power of quantum simulation reminds us how wonderfully multidisciplinary physics is. ■ 1 have used a system of four calcium ions confined by electromagnetic fields (not shown), generated by electrodes, to simulate a one-dimensional model of a variant of this theory known as lattice QED. Each ion serves as a quantum bit that can adopt one of two states, representing the presence or absence of particles, and the interactions between the ions are tailored to represent the gauge-field dynamics. The state of each ion, and the interactions between the ions, can be manipulated using laser beams (orange and purple).
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